Introduction
Polyamides (PA) are N-methylpyrrole (Py) and N-methylimidazole (Im) based cations that derive from the natural product AT base-pair specific minor groove binders distamycin and netropsin. [1] [2] [3] [4] The discovery that distamycin could form a stacked dimer in wider DNA minor grooves and recognize both strands of the double helix led to extensive developments and new applications of PAs. 5, 6 Much of the advancement with PAs is due to the research on DNA recognition rules for stacked heterocycle-pairs for hairpin PAs developed by Dervan and coworkers. 3, 7, 8 The enhancement of PA affinity and specificity through covalent linking of PAs into hairpin structures was a major improvement over the original noncovalent, stacked dimers. 7, 9 However, as PAs increase in the number of heterocycles, they go out of register with the DNA base pairs, and both affinity and selectivity are lost. 10, 11 To overcome this size and rigidity barrier, flexible inserts such as a β-alanine (β) in place of one or more heterocycles can help to reset the heterocycle-base pair register. A number of studies have indicated that β inserts can improve the affinity and specificity of hairpin PAs for their target DNA sequence. [12] [13] [14] [15] There are, however, some questions about optimum positioning for substitution of Py by β inserts and depending on the DNA and PA sequences, β substitution can decrease the binding affinity of PA molecules for DNA target sites. [16] [17] [18] [19] The role of β in DNA complex formation by PAs, is thus, more complicated than anticipated.
Clearly, it is essential to understand the influence of the number and position of β substitutions on PA affinity and specificity for rational design of the most effective, biologically active agents. The binding affinity and selectivity of hairpin PAs with their target sequences have been extensively investigated by several groups using footprinting and other methods. 16, [20] [21] [22] [23] However, the kinetics and detailed thermodynamics of PA-DNA interaction have received much less attention, 13, 18, 24, 25 To aid in establishing the diverse effects of β inserts we have initiated a detailed study of the binding thermodynamics, selectivity and kinetics for an eight-heterocyclic PA, KA1033, and five β-containing derivatives with a DNA recognition sequence of the Human COX2 promoter, 5'-TTGGAGA-3' (Fig. 1 ). Among the five derivatives, three (KA1011, KA1013 and KA2127) have a single β substitution in different positions, and the other two (KA2128 and KA2129) have double βs in the positions covering the single β inserts. We note that the PA KA1033 and an alkylator attached analog of KA1013 were evaluated with other DNA sequences in early studies of PA-DNA interaction. 26, 27 With these derivatives, all internal Py positions of the parent PA KA1033 are substituted with β groups (Fig. 1 ). Five mutant DNA sequences with one or two base pair mutations in different positions have also been studied to evaluate the positional role or sequence context of DNA base pairs in the PA-DNA interactions. Both PA modifications and DNA base mutations show that there is a large position-dependent effect of single and double β substitution placement on PA-DNA binding affinity and kinetics.
2 | J. Name., 2012, 00, [1] [2] [3] This journal is © The Royal Society of Chemistry 2012 There is, however, an additional dimension to the kinetics and thermodynamics of PA interactions, namely strong PA-PA interactions that are independent of DNA binding, including intermolecular hydrogen bonding that involves amide NH-groups and acceptors such as carbonyl oxygens, and π-π stacking of the pyrrole and imidazole rings. These interactions, perhaps enhanced by the flat, crescent shape of PA segments, can lead to aggregation. 28, 29 Aggregation of hairpin PAs is dependent on a number of parameters not described in the literature, but which we have been characterizing, and compounds similar to or larger in size than KA1033 are particularly prone to aggregate (unpublished work by us and colleagues C. M. Dupureur and M. R. Nichols). As shown below, even in the crystal structures of dimeric PA building blocks, the hydrogen bonding responsible for much of the aggregation is readily seen as intermolecular interactions. In an effort to minimize PA aggregation and obtain thermodynamics of PA-DNA binding, we increased charge-charge repulsion between PA molecules by replacing the monocationic Dp group (3-(dimethylamino) propylamine) in KA1033 with the dicationic Ta group (3, 3'-Diamino-N-methyldipropylamine) in KJK6021. Two PAs having the same structure as KA1033 and KJK6021 but different anionic counterions, KJK6053 and KJK6064, have also been synthesized and studied. The results presented here show that the counterions used do not affect the PA binding affinity and thermodynamics with cognate and mutant DNAs under our conditions. Modification of Dp to Ta, however, not only maintains the DNA binding affinity and binding mode of PAs, but also significantly reduces PA aggregation. Presumably, due to aggregation of eight-ring PAs, no ITC experiments have been reported for PAs of this size. 29 The Ta substitution allows the eight-ring PA-DNA binding enthalpy to be determined through ITC and allows the very first complete thermod-ynamic signature of eight-ring hairpin PA-DNA binding to be determined. The results significantly extend the understanding of the molecular basis of specific DNA recognition by PAs.
Results

Qualitative Comparison of PA Binding Affinity by Thermal Melting Study
Thermal melting provides a qualitative and relative comparison of compound binding affinities with DNA. 30 KA1033 (ImImPyIm-γ-PyPyPyPy-β-Dp, Fig. 1 ) is an eight-ring hairpin PA, while KJK6021 has the same heterocycle sequence but with a Ta group replacing the Dp of KA1033 at the C-terminal tail. The binding affinities of these two PAs and five β-substituted analogs ( Fig. 1 ) with their cognate (5'-TGGAGA-3') and five mutant DNA sequences ( Fig. S1A ) were compared by thermal melting at a 1:1 molar ratio. The normalized DNA melting curves with and without PAs are shown in Fig. S1B . The ΔTm values, the Tm of the PA-DNA complex minus the Tm of free DNA, for each PA with each DNA are listed in Table 1 .
For the cognate sequence (TGGAGA), the parent PA, KA1033, increased the DNA Tm by 7.8 °C, and the ∆Tm for KJK6021, the Ta group containing analog, is slightly higher. Three single βsubstituted PAs increased the DNA Tm by very different amounts: KA1013 (ImImβIm-γ-PyPyPyPy-β-Dp), which has a β before the γ loop, has a lower ∆Tm than KA1033 (5.4 °C), while KA2127 (ImImPyIm-γ-PyβPyPy-β-Ta), which has a Ta tail and a β in the same stacking position as KA1013, but after the γ loop (Table 1) , has a slightly lower ∆Tm (8.0 °C) than the parent with Ta. KA1011 (ImImPyIm-γ-PyPyβPy-β-Dp), which has a β substitution just next to that in KA2127, has a significantly lower ∆Tm (2.0 °C). Two double β-substituted PAs, KA2128 (ImImβIm-γ-PyβPyPy-β-Ta) and KA2129 (ImImβIm-γ-PyPyβPy-β-Ta), both have much lower ∆Tm values than the Ta parent. The ∆Tm value for KA2129 is approximately the average of its two single β analogs KA1011 and KA1013. But the ∆Tm for KA2128 is lower than either of its single β analogs KA1013 and KA2127. For the five mutant sequences embracing either single or double base pair mutations in different positions, PAs display quite diverse binding affinities as indicated by the significantly changed ∆Tm values ( Table 1 ). In order to obtain a more clear comparison of binding, the ∆Tm values have been classified with four colors (red, orange, green and blue), and the color for each ∆Tm is given based on the value relative to the ∆Tm with cognate DNA: <50% (red), 50% ~ 80% (orange), 80% ~ 100% (green), and >100% (blue) of the ∆Tm for PA-cognate DNA complex. It is clear that all PAs bind more weakly to mutants 1-3, while PA complexes with mutants 4 and 5 have both weakening and enhancing effects. The unexpectedly large sequence-dependent variations of the ∆Tm values are discussed in detail below.
Quantitative Determination of PA Binding Affinity and Kinetics by Biosensor-Surface Plasmon Resonance (SPR)
Biosensor SPR is a sensitive technique to monitor the progress of reactions in real time. It provides kinetics and equilibrium binding affinities as well as stoichiometries and cooperativity values of biomolecular interactions. 31, 32 To quantitatively evaluate the interactions of hairpin PAs with DNA, and also to provide details about the positional effects of the internal β substitutions, SPR experiments were performed for KA1033 and derivatives with their target DNA, TGGAGA. The kinetic rate constants obtained from global kinetic fits ( Fig. 2A ) and the equilibrium binding constants (KD) measured from both global kinetic and steady state fits ( Fig.  2B ) of the sensorgrams for different PAs are listed in Table 2 . The KD values measured by both fits are quite comparable and the values measured by kinetic fit are used for the following comparisons.
KA1033, the parent PA, has a very strong binding affinity with the cognate sequence (KD= 2.5 ± 0.4 nM). This strong binding can be attributed to the fast association (ka) and slow dissociation rates (kd) ( Table 2 ). In the following discussion, all comparisons are made with the properties of KA1033 unless explicitly stated otherwise. An analogue eight-ring PA with a Ta tail, KJK6021, has around fourtimes lower ka and kd, and a similar KD (2.0 ± 0.2 nM) to KA1033. These results indicate that the replacement of the Dp group by a Ta slightly weaker or equal stronger much weaker weaker
This journal is © The Royal Society of Chemistry 2012 influences the kinetics, but does not significantly affect the overall binding affinity due to ka and kd compensation. The single β substitution of the Py on the N-terminal side of KA1033 results in a slightly lower ka and a higher kd, with a 5-fold decrease in the binding affinity of KA1013 with the cognate DNA (KD= 12.1 ± 0.4 nM). For KA1011, the single β substitution on the C-terminal side of the γ loop not only slows its association, but also increases its dissociation by 8-fold and therefore causes a 15-fold weaker binding affinity (KD= 96 ± 6 nM). KA2127, another single C-terminal βsubstituted PA, has both faster ka and kd and a KD (2.6 ± 0.2 nM) comparable to KJK6021. The results of these three PAs show that a single β inserted in different positions can have diverse effects on PA binding kinetics, but in this PA sequence and for the cognate DNA target, β generally accelerates PA dissociation and weakens the PA binding affinity. The two double-β-substituted PAs, KA2128 and KA2129, have Ta instead of Dp groups at the C-terminus. Relative to their eightring analog KJK6021, both KA2128 and KA2129 have slightly slower association to DNA but much faster dissociation and around 10-times weaker DNA-binding affinities ( Table 2) . KA2129, has an average affinity (KD= 26.3 ± 2.2 nM) of its corresponding single β analogs, KA1011 and KA1013, while the affinity of KA2128 is weaker than either of the two single β analog (KA1013 and KA2127). The order of binding affinity obtained by SPR is in good agreement with that from the DNA melting study. All of the experiments have been repeated twice, and the results are reproducible within experimental errors.
Evaluation of PA Binding Mode and DNA structural Changes by CD
CD spectroscopy monitors the asymmetric environment of ligands when they bind to DNA and thus can provide information about the ligand binding mode. 33 In Fig. 3 , the CD results for the PA-DNA complexes are characterized by large, positive induced signals from around 300 to 370 nm, where the PAs absorb and DNA signals do not interfere. The large positive induced CD signals indicate a DNA minor groove binding mode as expected for hairpin PAs. 34 The titrations were conducted from 0:1 to 2:1 molar ratios of PA to hairpin DNA. The signal and pattern of the induced CD by KJK6021 are very similar to KA1033 which suggests that these two PAs target the DNA minor groove in a very similar manner. This again indicates that the change of Dp to Ta does not significantly affect the PA binding affinity or the structural influence of PA on DNA.
Thermodynamic Study of PA-DNA Binding
Effects of salt concentration and temperature. From the qualitative thermal melting studies and quantitative SPR experiments to CD spectra evaluation, the Ta group containing KJK6021 exhibits binding similar to KA1033. However, the replacement of the monocationic Dp by a dicationic Ta group increases the number of positive charges of PA. According to the counterion condensation theory, the charges of minor groove binders affect the release of counterions on binding to DNA. 29, 35 In order to evaluate the thermodynamic signatures for PAs with different charges, SPR experiments were conducted for KA1033 (+1) and KJK6021 (+2)
with their cognate sequence TGGAGA under several salt concentrations at 25 °C. The corresponding sensorgrams are shown in Fig. 4A , and the rate constants and equilibrium constants determined from 1:1 global kinetic fits of the sensorgrams are listed in Table 3 . Overall, as the salt concentrations increase, the ka decreases while the kd increases and thus the KD decreases for both PAs, as expected. 36 The KD values for KJK6021 under different salt concentrations are quite comparable with those for KA1033, but the ka and kd of KJK6021 binding are both much lower than for KA1033.
The logarithm values for ka, kd and KD for both PAs have been plotted as a function of salt concentration in Fig. 4B . The linear change of the log values for KA1033 [slopes = -0.72 for log(ka), +0.18 for log(kd) and +0.91 for log(KD)] are as predicted by the counterion condensation theory for one charge interaction, 36, 37 and as previously observed on binding of another monocationic hairpin PA (KA1039). 29 The slopes of the linear change for KJK6021 are -0.72, +0.31 and 1.04 for log(ka), log(kd) and log(KD), respectively. The salt concentration dependencies of ka and KD for KJK6021 are similar to KA1033, but its kd is slightly more salt concentration Fig. 5 . This salt concentration was chosen due to both PAs having stronger binding affinity than under higher salt concentration, and less mass transfer limitations than under lower salt concentrations with SPR experiments. The kinetic rate constants and equilibrium constants determined from 1:1 global kinetic fits of the sensorgrams are listed in Table 4 . Based on the equilibrium binding constants, the binding Gibbs free energy (∆G) at different temperatures was also calculated (∆G = -RT ln Keq, where R is 1.987 cal mol -1 K -1 and T is 298 K). The data clearly show that as the temperatures increase, both ka and kd increase, and the overall binding affinity KD decreases for both PAs. However, ∆G values for both PAs binding are essentially temperature independent, and quite large and negative (-11.0 ± 0.2 kcal mol -1 ).
Enthalpy of binding.
Besides the effects of salt concentration and temperature on the kinetics and affinity of PA binding, the determination of binding enthalpy is very critical for a more detailed energetic understanding of the PA-DNA interactions. However, as previously observed, the eight-ring hairpin PAs aggregate under typical ITC standard concentrations, such as 50 µM and generally prohibit the binding enthalpy assessment. 17, 29 Therefore, several quite low ligand concentrations, down to 1. Table 4 . Table  S1 ESI † , and are plotted versus the reciprocal of PA concentrations in Fig. 6 . For these three PAs, the ∆H values first become much more negative, and then reach a constant value as the PA concentrations decrease. The ∆H values for KA2127 and KJK6021 at each concentration are generally more negative than that for KA1033, and reach a plateau (-13.0 ± 0.4 kcal mol -1 and -14.1 ± 0.2 kcal mol -1 , respectively) at 0. aggregation has been totally overcome, the actual binding enthalpy can be determined. Besides the modification of Dp to Ta, the counterion used during isolation of KA1033 (Dp) is also different with that for KJK6021 (Ta): trifluoroacetate (•CF3COO‾, TFA) with KA1033 while formate (•HCOO‾) is used for KJK6021. In order to evaluate the effects of counterions on PA binding affinities and thermodynamics, two PAs in the same structure as KA1033 or KJK6021 but with switched counterions, KJK6053 (ImImPyIm-γ-PyPyPyPy-β-Dp, formate) and KJK6064 (ImImPyIm-γ-PyPyPyPy-β-Ta, TFA), respectively, have been studied with UV-melting experiments. The thermal melting curves for these four PAs with cognate and mutant DNA sequences are shown in Fig. S5, and the ΔTm values are listed in Table S2 , ESI † . The melting curves for KJK6053 and KJK6064 complexes agree very well with those for their counterion analogs KA1033 and KJK6021, and the corresponding ΔTm values are also quite comparable for PAs of the same structure (KJK6053 vs. KA1033, KJK6064 vs. KJK6021). ITC experiments have also been conducted with 2.5 µM of KJK6053 and KJK6064 into 10 µM of cognate DNA hairpin, and compared with the titrations of KA1033 and KJK6021 at the same PA concentration (Fig. S6, ESI  † ) . The ∆H is -8.3 ± 0.3 kcal mol -1 for KJK6053 binding and -14.0 ± 0.3 kcal mol -1 for KJK6064 binding. Both of these values are consistent with the ∆H values measured for KA1033 and KJK6021. These results suggest that under our conditions (50 mM NaCl in the buffer) the formate and TFA counterions do not significantly affect the affinity and thermodynamics of PAs binding.
Based on SPR binding free energy values and the ITC enthalpy values, the T ΔS values were calculated from ΔG = ΔH-T ΔS for KA1033, KA2127 and KJK6021 ( Table 5 ). Comparison of the contributions of the enthalpy and entropy to the free energy shows that PA complex formation is dominated by the favorable binding enthalpies. This is the first complete thermodynamic study for DNA minor groove binding with eight-ring hairpin PAs. 
Discussion
Effects of DNA Sequence and PA Structure on Relative Binding Affinity
The relative binding affinities of KA1033 and derivatives with five mutant DNA sequences with either single or double base pair mutations in the PA binding site have been determined (Table 1) . Through the comparison of ∆Tm values of KA1033 (∆Tm=7.8 °C) with mutants 1-3, it is clear that mutation to reverse the third base pair of the 5'-TGGAGA-3' site (mutant 1, 5'-TGCAGA-3', ∆Tm=0.6 °C) decreases the induced thermal stability much more significantly than complete changing of the fourth base pair (mutant 2, 5'-TGGCGA-3', ∆Tm=3.9 °C), while the mutant at the fifth base pair (mutant 3, 5'-TGGATA-3', 6.9 °C) influences the binding the least. These mutation results are in agreement with the position-dependent effects of β substitution in PA, since KA1011, with β targeting the most sensitive third base pair has a much lower ∆Tm than KA1013, with β targeting the less sensitive fourth base pair. Moreover, the ∆Tm values for all PAs with mutants 1-3 suggest that all of these three single DNA base pair mutations can weaken the PA binding in the order of: 3 rd base pair > 4 th base pair > 5 th base pair. In mutant 4 (5'-TGGTGA-3'), the fourth base pair (A/T) of the 5'-TGGAGA-3' site has been switched into T/A, and KA1033, KA1011, KA1013 and KA2129 display higher ∆Tm values than with cognate DNA. This result means their Py/Py and β/Py pairs which target the fourth base pair in the binding site favor T/A base pair recognition slightly more than A/T base pair. On the contrary, KA2127 has a slightly lower ∆Tm with mutant 4 than with cognate DNA (6.7 °C vs 8.0 °C) which suggests the Py/β pair in KA2127 prefers to target the A/T base pair. The ∆Tm values for KA2128 with cognate DNA and mutant 4 are very similar (3.6 °C vs 3.4 °C) which indicates that the β/β pair does not have a strong binding preference to A/T or T/A base pair. 14 These data clearly show that the incorporation of β inserts can have very diverse influences on the specificity of DNA recognition by PAs, and these effects strongly depend on the PA structure and DNA sequence.
Mutant 5 has base pair changes at both the third and fourth base pairs of the 5'-TGGAGA-3' site (mutant 5, 5'-TGAGGA-3') through switching the middle GA to AG. These mutations could either reverse the binding orientation of PAs, or significantly weaken the PAs binding if they keep the original binding orientation, as discussed above with mutants 1 and 2. Based on the recognition sequence, these results suggest that the original orientation is the usual N  C (ImImPyIm) for KA1033, for example, bound 5'  3' to 5'-TGGAGA -3', while with mutant 5, binding becomes reversed, with N  C (ImImPyIm) targeting 3'  5' to 3'-AGGAGT -5'. It should be noted that although the results are consistent with this interpretation, more detailed experimental studies, such as NMR or X-ray analysis, would be necessary for a more definitive answer. The ∆Tm values with mutant 5 for KA1033, KJK6021 and their single β analogs, KA1011, KA1013 and KA2127, are all lower than the ∆Tm for the cognate sequence, but greater than ∆Tm with mutants 1 and 2. This suggests that the two base pair mutations altered the PA binding into the reverse orientation (3'  5'). Interestingly, two double β-substituted PAs, KA2128 and KA2129, display an opposite behavior in that they prefer mutant 5 over cognate binding and probably have the reverse binding orientation, as indicated by the higher ∆Tm values than with cognate DNA. The flexibility from the double β inserts might play a role in the preferred binding for KA2128 and KA2129. The βmodulated binding orientation of PA has also often been observed by Dervan and coworkers using different powerful methods. [38] [39] [40] In summary, as previously found with other PA-DNA complexes, 17 the different contributions of the base pairs in the targeting site cause distinct affinity reductions for the β-substituted PAs and different effects on binding affinities for the PA-bound DNA mutants. Moreover, the possibility to modulate PA binding orientation through incorporating double β inserts provides possible additional ideas for rational drug design. More studies of additional β substituted PAs will be required before we can define the complex rules for their effects on KD in different DNA sequences.
Effects of Dp and Ta Groups and Internal β on PA-DNA Thermodynamics
ITC titrations have been previously performed for another eight-ring hairpin PA KA1002 and its single β-inserted analogs, but their binding enthalpies could not be determined, presumably due to the significant compound aggregation at current ITC concentration requirements. 17 The binding enthalpy of a six-ring hairpin PA was Journal Name
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first published in 1996, 41 and in the following eighteen years, there was no reports on larger PAs. In the experiments reported here we have been able to determine direct ITC binding enthalpies for eightring PA, for the first time. KA1039, a six-ring hairpin derivative of KA1002, shows much less aggregation than KA1002 in ITC and thus allows its ∆H to be determined through using diluted samples. 17, 29 Here, in order to reduce the aggregation and obtain the thermodynamic signatures of eight-ring hairpin PAs, the monocationic Dp group in KA1033 has been modified into a dicationic Ta (KJK6021), and studies on both full heterocycle and βsubstituted (KA2127) hairpins have been conducted ( Figs. S2-4 , ESI † ). The results (Fig. 6 ) clearly confirm that PA aggregation depends on compound charge and concentration, and can be minimized as the PA concentrations decrease and the charge increases. KA1033 shows a constant ∆H when its concentration is around 2 μM or less, while KA2127 and KJK6021 reach a constant ∆H with concentrations equal or less than 2.5 μM. Through the comparison of the curves in Fig. 6 , in the range where all PAs aggregate (10 μM -2.5 μM), the ∆H of single β substituted PA KA2127 is always closer to the constant binding enthalpy than its full heterocyclic analog KJK6021. The observed ∆H of the Ta group containing KJK6021 is always closer to the actual value than the Dp group containing KA1033. These data show PAs aggregate in order of KA2127< KJK6021< KA1033, and suggest that the additional positive charge from the Ta group and the extra flexibility from β help to reduce PA aggregation. To see a molecular scale picture of the amide hydrogen bonds that we believe, along with π-stacking, constitute strong tendencies toward aggregation, the crystal structures of two dimer building blocks are instructive ( Fig. 7 and Figs. X-ray 2, X-ray 4 and X-ray 6, ESI † ). We clearly see from about an eight-ring PA size, the concentration for PAs to aggregation is lower than that used in ITC experiments which has prevented previous determination eight-ring PA-DNA binding enthalpies.
To obtain a better understanding of the effects of counterions on PA binding affinity and thermodynamics, KJK6053 and KJK6064 have been investigated and compared with their analogs KA1033 and KJK6021 which have the same structure but different counterions. The quite comparable binding affinities with cognate and mutant DNA sequences through UV-melting ( Fig. S5, ESI  † ) , and the constant binding enthalpies obtained through ITC (Fig. S6 , ESI † ) for these PAs suggest that the counterions, TFA and formate, do not have significant influence on PA-DNA interaction under the experimental conditions. However, it is still worthwhile to note that the counterions always play critical roles for the biological activities for synthetic small molecules. 42, 43 The effects of Dp and Ta groups on PA-DNA complex formation have also been systematically investigated as a function of salt concentration by SPR. Under a large range of salt concentrations (from 50 mM to 400 mM NaCl, Table 3 ), relative to Dp, the more flexible Ta group slows down both association and dissociation rates of PA. But the effects on kinetics partially cancel so that Ta gives only a small affinity increase. Moreover, the salt concentration dependencies of kinetics and affinity for the dication KJK6021 are quite similar with the monocation KA1033 (Fig. 4B) , and this is different than a classical two charge interaction as predicted by the counterion condensation theory. 35, 36 The two positively charged amines in Ta are connected on the same linker ( Fig. 1 ) and, as a result of this closer spacing, they may have strong electronic interactions with only one phosphate on DNA backbone, and thus, release only one counterion on PA binding.
The SPR results for KA1033 and KJK6021 as a function of temperature show that the temperature dependences of kinetics for KJK6021 binding are greater than that for KA1033 ( Fig. 5B ). This suggests that the relatively longer Ta group becomes more dynamic than the Dp tail as the temperature increases, and contributes to the larger kinetic changes of KJK6021. Interestingly, the changes in Ta kinetics are again partially cancelled as a result of the temperature dependences of binding affinities for KJK6021 and KA1033. The binding free energies for both Dp and Ta complexes are also quite similar and are essentially temperature independent in the range that could be studied (Table 4 ). This signature of temperature on DNA minor groove binding free energy has been observed with other minor groove complexes. 29 In summary, based on the UV melting data, CD titrations and SPR studies, Dp and Ta groups have very similar effects on DNA recognition by PAs, but the dicationic Ta group is capable of reducing PA aggregation in ITC experiments. In the presence of a Ta group, an additional β can further decrease the PA aggregation (Fig.  6 ). The thermodynamic profiles (Table 5 ) suggest that complex formation of KA1033, KJK6021 and KA2127 on the TGGAGA site are strongly driven by enthalpy which is opposite to most of the classic minor groove binders that target AT-rich sites. 44 The presence of GC base pairs in the target binding site changes the geometry and hydration status of the minor groove relative to that of AT-rich sites, and the stacking of Im and Py rings and numerous Hbonds between PA-DNA convert minor groove binding thermodynamics from entropy driven with most of the AT-rich cases into enthalpy driven. This is the first calorimetrically determined binding enthalpy for eight-ring hairpin PAs and provides an increased understanding of PA-DNA interaction thermodynamics, including a shift in enthalpic vs. entropic control of binding.
Effects of β Inserts and PA Modification on Binding Affinity and Kinetics
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In order to extend our understanding of the effects of different numbers internal of β building blocks on DNA recognition, comprehensive binding affinity studies of PAs were conducted with SPR. The results show that β substitutions for heterocycles in this sequence ( Fig. 1 ) generally weaken the binding affinities of PAs with their cognate DNA. Together with previous studies of other eight-ring PA-DNA interactions 16, 17 the weakening effect that single and double β substitutions can have on PA binding affinity is further confirmed. Moreover, the detailed evaluations in this work substantially demonstrate the large and diverse influences of β substitutions on the association and dissociation rates of PA-DNA interaction in a position-dependent manner ( Table 2 ). The parent PA, KA1033, is a strong binder with the highest association rate among all PAs reported here, from which we infer an easily-optimized shape for the minor groove binding site. PAs, especially those containing internal βs, have numerous additional conformations attainable in solution because of the possibilities for rotation about single bonds. The γ-turn and C-terminal groups also have several rotatable bonds, and Ta has more than Dp. However, on optimized binding DNA, PAs must adopt a less dynamic conformation with a crescent shape to match the minor groove structure. In addition, stacked PA heterocycles and numerous H-bonds between PAs and DNA must be appropriately aligned in the minor groove complex. The necessary molecular rearrangements and alignments both require time, and consequently affect the association rates of PAs.
The ka values for single internal β-containing PAs, KA1011, KA1013 and KJK6021 are slower than that for the all heterocyclebased KA1033. In addition, the ka values for double internal βcontaining PAs (KA2128 and KA2129) are even slower than that for KJK6021. This can be explained by the increased flexibility of the β group and the increased number of conformations in solution that do not have a shape to match the DNA minor groove. Reorientation to bind DNA requires additional time relative to PAs with only heterocycles and thus slows the kinetics of association. It should also be noted that another single β-inserted PA, KA2127, has a slightly faster ka than KJK6021, which means the presence of some β inserts can also increase the PA association rates. In such cases, the added β inserts must adjust in more rapid alignment with functional groups in the DNA minor groove. These very diverse effects that β inserts can have on PA association rates might also correlate with the torsion angles of PA, as suggested by a study of other eight-ring PAs from the Sugiyama group. 45 Additional kinetics studies on β containing PAs will be required to establish the molecular basis for these differences.
For the dissociation rates, the order for Dp containing PAs is KA1011 > KA1013 > KA1033, and the order for Ta containing PAs is KA2129 > KA2128 > KA2127 > KJK6021 ( Table 2 ). Based on the decreasing order of dissociation rates, it is clear to see that the double β inserts speed up the PA dissociation more than single β inserts. This is the first instance whereby the number and position of β are shown to have such a large and diverse effect on association and dissociation rates and affinities of PAs in the same binding site. These results emphasize that the β group does not have the same favorable contacts with the minor groove as a Py heterocycle. For a β group to increase the affinity of a PA for DNA, it must increase other interactions in the PA, through resetting the PA-DNA interaction register, that are lost due to a switch of the heterocycle to a β. Additional studies of the correlation between β inserts and PA binding are under investigation with other PA sequences and DNAs. Overall, all of the current results are sufficient to validate the various modulation capabilities that the β group can have on PA binding affinity and kinetics, which confirms the β group as an important module in PA design.
Conclusions
In conclusion, the energetic effects of positional substitution of Py by single and double βs on hairpin PA-DNA interaction have been investigated in detail. As previously reported with other PAs, reduced binding affinity has been observed for all of the β-modified PAs. The SPR results clearly illustrate that the β substitution can have large, position-and number-dependent effects on association and dissociation rates, and also the binding affinities of PAs in the same DNA binding site. Comparison of mutant DNA sequences with all PAs also shows the position-dependent contributions of DNA base pairs in the PA binding and the preference of binding orientation for PAs. A modification of the positively charged functional Dp group into a Ta group, rather than a change in the heterocycles, preserves the PA binding mode and affinity but reduces PA aggregation in ITC. This made a thermodynamic study possible for eight-ring hairpin PAs for the first time, and it took eighteen years to advance our understanding of the energetic basis of PA-DNA interactions from six-ring to eight-ring PA. All of the above information significantly extends our knowledge of PA-DNA complexes and takes our understanding of the kinetics and thermodynamics of DNA-PA molecular recognition an important step forward.
Materials and Methods
DNA and Compounds
DNA sequences were purchased from Integrated DNA Technologies, Inc. (Coralville, IA USA). The synthesis and verification of KA1011 and KA1013 were previously reported, 18 and that of the other PAs in Fig. 1 are presented in ESI † . Synthesis was generally based on the reported solid-phase Boc approach. 46 The main changes to standard procedures were the use of PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate) as the coupling agent and the extensive use of dimer building blocks. Dimer building blocks have long been used in solid and solution phase chemistry, 10, 46-48 but their use in solid phase PA chemistry has often been limited to cases where the poorly nucleophilic amine of the imidazole amino acid does not couple well to an incoming active ester. 46 We, however, used dimers at essentially every step in order to improve the solid phase yield and cut the number of solid-phase coupling steps in half. Many of these dimers are commercially available, including Boc-Py-PyCOOH and Boc-β-PyCOOH, though they are not always available, so we provide several procedures for dimer syntheses and scale up, and characterization data where appropriate (see ESI † ). Furthermore, both Boc-Py-βCOOH and Boc-β-PyCOOH have appeared in the literature but were not characterized. 49, 50 One standard synthesis of dimers 46 uses the water-soluble carbodiimide EDC, but we found that the much less expensive combination of carbonyldiimidazole (CDI) and imidazolium hydrochloride described by Woodman et al. 51 worked well to form the Boc-Py-βCOOH and Boc-β-PyCOOH dimers (both methods gave 60-70% isolated yields, much lower than the >90% yields reported 48 and reproduced in our lab for other dimers with a range of coupling agents, but reagents for the CDI method are 1/10 th the cost of EDC). The use of pre-formed HOBt ester Boc-Py-OBt has also been reported for dimer synthesis, 48 and this is a very efficient method; it gave a 97% yield of Boc-Py-βCOOH on a 20g scale (see ESI † for scale-up of Boc-Py-PyCOOH and Boc-Py). CDI and Boc-β-Ala-OH were purchased from Chem-Impex Int'l (Wood Dale, IL USA). Imidazolium hydrochloride, β-alanine ethyl ester
